Scope: ␤,␤-Carotene-9 ,10 -dioxygenase 2 (BCO2) is a carotenoid cleavage enzyme localized to the inner mitochondrial membrane in mammals. This study was aimed to assess the impact of genetic ablation of BCO2 on hepatic oxidative stress through mitochondrial function in mice. Methods and results: Liver samples from 6-wk-old male BCO2 −/− knockout (KO) and isogenic wild-type (WT) mice were subjected to proteomics and functional activity assays. Compared to the WT, KO mice consumed more food (by 18%) yet displayed significantly lower body weight (by 12%). Mitochondrial proteomic results demonstrated that loss of BCO2 was associated with quantitative changes of the mitochondrial proteome mainly shown by suppressed expression of enzymes and/or proteins involved in fatty acid ␤-oxidation, the tricarboxylic acid cycle, and the electron transport chain. The mitochondrial basal respiratory rate, proton leak, and electron transport chain complex II capacity were significantly elevated in the livers of KO compared to WT mice. Moreover, elevated reactive oxygen species and increased mitochondrial protein carbonylation were also demonstrated in liver of KO mice. Conclusions: Loss of BCO2 induces mitochondrial hyperactivation, mitochondrial stress, and changes of the mitochondrial proteome, leading to mitochondrial energy insufficiency. BCO2 appears to be critical for proper hepatic mitochondrial function.
Introduction
The imbalance between the systemic production of reactive oxygen species (ROS) and the systemic capacity to quench and/or detoxify ROS production results in oxidative stress [1, 2] . ROS can damage many cellular components, such as lipids, proteins, and nucleotides [3] . Mitochondria are the power "engine" of the cell involved in numerous cellular processes including redox homeostasis, cellular signaling, species; SOD2, manganese superoxide dismutase; TCA, tricarboxylic acid cycle; WT, wild type (2 of 10) 1600576 development, growth, differentiation, and even cell death [4] [5] [6] . Leakage of protons and/or electrons from the mitochondrial electron transport chain (ETC) results in enhanced generation of ROS and subsequent mitochondrial oxidative stress and decreased efficiency of ATP production, cellular oxidative stress [7] , and subsequent inflammation [8] . Mitochondrial oxidative stress has been well established as a causal factor in the development of chronic diseases, such as diabetes [9] [10] [11] and obesity [12] . In diabetes, oxidative stress is associated with tissue-specific changes of the mitochondrial proteomes [13] , impaired insulin function, and disrupted blood glucose control [14, 15] . Additionally, systemic oxidative stress is closely associated with chronic diseases, such as obesity in humans [16] . Thus, properly functioning of mitochondria is crucial for the maintenance of cellular homeostasis in mammals.
␤, ␤-Carotene-9 , 10 -oxygenase 2 (BCO2), a carotenoid cleavage enzyme that is conserved in primates, catalyzes the asymmetrical cleavage of carotenoids at 9 , 10 and 9, 10 double bond to form various apocarotenoid cleavage products [17] [18] [19] . Interestingly, in humans the BCO2 gene locus is closely linked to the proinflammatory mediator IL-18 [20] . Variants at the BCO2 locus are associated with the IL-18 level, but not carotenoids in either plasma or macula [20] . Studies have revealed that mutations in human BCO2 have been linked to macular degeneration [21] , insulin resistance and obesity [22] , and prostate cancer [23] . Further, the loss of BCO2 protein expression is associated with the development of anemia in zebrafish, though the anemia results not from impaired erythropoiesis, but instead from increased apoptosis of erythrocyte precursors [24] . BCO2 expression is also significantly reduced in obese and diabetic mice [25, 26] . Accordingly, increased intake of a high-fat diet rich in carotenoids increase the expression of BCO2 protein and was associated with increased insulin sensitivity and attenuation of fatty liver in obese C57BL/6J mice [25] . Collectively, these findings indicate that BCO2 likely plays roles other than just as a carotenoid cleavage enzyme in mammals.
BCO2 is widely expressed in many types of tissues and is localized to in the inner mitochondrial membrane [18, 27, 28] . Exogenous H 2 O 2 induces BCO2 protein expression in HepG2 cells though the function of this protein under oxidative stress is not clear [29] . Lutein and/or zeaxanthin-enriched diets cause hepatic mitochondrial dysfunction in BCO2 KO mice due to oxidative stress induced by accumulation of carotenoids [29] . The role of BCO2 in retinal carotenoid metabolism is still controversial [17, 19] . It remains unknown whether BCO2 functions as a structural protein in the mitochondrial homeostasis. In this study, the liver tissues of wild-type (WT) and BCO2 −/− knockout (KO) mice fed a standard chow diet (CD) were analyzed by mitochondrial proteome profiling and functional activity assays, production of ROS, and mitochondrial protein carbonylation. We sought to determine whether BCO2 protein was critical to mitochondrial function in liver, and to investigate how ablation of BCO2 caused hepatic mitochondrial dysfunction and triggers cellular oxidative stress.
Materials and methods

Animals, animal care, and fasting blood glucose test
The original BCO2 KO mouse [29] was backcrossed to the wild-type 129S6 (WT) for seven generations to obtain a BCO2 −/− KO strain in a 129S6 genetic background (Taconic, New York). The breeding colonies of both WT and KO strains were maintained in the Animal Resources Facility at Oklahoma State University. After weaning at 21 days, mice had free access to water and food (e.g., ad libitum) throughout the study. All animal experiments and procedures were performed in accordance with our protocol approved by the Oklahoma State University Institutional Animal Care and Use Committee (OSU IACUC protocol # HS-14-4). Male mice were group-housed (three mice/cage) in a controlled environment with a 12-h light/12-h dark cycle (7:00-19:00 light/19:00-7:00 dark) and fed a standard CD for 3 wk (10% kcal from fat, catalog # D12450B, Research Diets, Inc., New Brunswick, NJ). The macronutrient composition of the CD is 10% kcal from fat, 20% kcal from protein, and 70% kcal from carbohydrate. Food intake and body weight were monitored weekly at 8:30-9:30 AM starting at weaning (at 3 wk of age) to 6 wk of age (n = 12). The mean of weekly food intake between 5 and 6 wk and the body weight at 6 wk of age were presented. WT and KO mice at 6 wk of age were used for tissue collection and laboratory analysis. Animals were sacrificed by CO 2 at 8:30-9:30 AM for experiments after being fasted for 5-6 h. Before necropsy, the fasting blood glucose was tested by tail snip using the Precision Xtra blood glucose monitoring system (Alameda, CA, USA).
Measurement of plasma free fatty acids
Plasma free fatty acids (FFAs) were analyzed using a BioLis 24i automated analyzer (Carolina Chemistry, NC, USA). The FFA level is expressed as milliequivalents per liter (mEq/L).
Cellular ROS level
The hepatic ROS level was measured using dichlorodihydrofluorescein (DCF) as previously described [26] . Briefly, 25 L carboxy-DCF and H 2 -DCF dyes at 125 mol/L were added into freshly prepared liver homogenates (100 g protein/100 L probes) in a 96-well plate. Changes in fluorescence intensity were recorded by the Bio-Tek Synergy HT fluorescence microplate reader (Winooski, VT) at excitation 485 nm/emission 530 nm. The ROS level was expressed as increased absorbance values (relative fluorescent unit OD 485/530, OD at 45 min-OD at 0 min).
Hepatic mitochondrial isolation
After euthanization, liver tissue was immediately used to assess mitochondrial function. Approximately 60 mg liver tissue was minced in 0.5 mL mitochondrial isolation buffer at pH 7.2 (210 mmol/L mannitol, 70 mmol/L sucrose, 5 mmol/L HEPES, 1 mmol/L EGTA, and 0.5% w/v fatty acid free BSA) and homogenized (Qiagen tissueruptor, Cat. No. 9001271, Limburg, CA) for 10 s at the lowest speed on ice. The homogenate was centrifuged at 600 × g for 5 min at 4ЊC and the supernatant was transferred to new microfuges tubes centrifuged at 5000 × g for 5 min at 4ЊC. After discarding the supernatant, the mitochondrial pellet was resuspended in 1 mL mitochondrial assay solution (1×-MAS, pH 7.2: 220 mmol/L mannitol, 70 mmol/L sucrose, 5 mmol/L MgCl 2 , 2 mmol/L HEPES, 10 mmol/L KH 2 PO 4 , 1 mmol/L EGTA, 0.2% w/v fatty acid free BSA). Mitochondrial fractions were isolated and the total protein concentrations were determined as previously [26] . Nonmitochondrial contaminants from lysosomes and peroxisomes [30] in the mitochondrial pellets were confirmed by immunoblotting using antibodies against lysosome-associated membrane protein 1 and catalase, respectively, while ATP synthase ␣ subunit 1 and citrate synthase were used as mitochondrial markers.
Mitochondrial respiration assay
Freshly isolated mitochondria were then used to assess cellular respiration using a coupled assay to determine mitochondrial ETC efficiency and proton leak [30] . All processing steps were conducted on ice unless otherwise indicated. Briefly, diluted isolated mitochondria (4 g protein/90 L 1×-MAS) were loaded into individual wells of a Seahorse XFe 96 cell culture microplate. The prewarmed (37ЊC) coupling substrates solution composed of 1×-MAS supplemented with 10 mmol/L pyruvate, 10 mmol/L malate, and 10 mmol/L succinate was added into each cell. The oxygen consumption rate (OCR) of isolated hepatic mitochondria was measured using the Extracellular Flux XFe 96 Analyzer according to the manufacturer's instructions (Seahorse Bioscience, Inc., North Billerica, MA). Injections were as follows:
The basal reading of OCR determined the basal respiration rate, while the difference between the OCR reading after OLIGO and AA injections were used to calculate the proton leak. The nonmitochondrial respiration OCR reading was eliminated from the coupling OCR readings (for additional details, see Supporting Information Fig. 1D ). The instrumental and injection protocols for both mitochondrial functional assays is described in Supporting Information Table 1 .
Detection of mitochondrial protein carbonylation
Mitochondrial protein carbonylation was detected as described [31] using an OxyBlot protein oxidation detection kit (catalog # S7150, EMD Millipore, Temecula, CA, USA) according to the manufacturer's instructions. Protein samples were reacted with 2,4-dinitrophenylhydrazine (DNPhydrazine, DNPH) to derivatize the carbonyl groups to 2,4-dinitrophenylhydrazone (DNP-hydrazone). Samples without DNPH treatment were used as a negative control (background). The DNPH-treated and nontreated samples were separated electrophoretically on SDS-PAGE followed by Western blotting using anti-DNP antibody. Total protein loading was normalized using succinate dehydrogenase subunit ␣ as a loading control.
Mitochondrial proteomics and bioinformatics analysis
Hepatic mitochondria from fresh tissues were isolated by use of a Qproteome mitochondrial isolation kit (Qiagen) and used for the mitochondrial proteomics and aconitase activity assay. Equal amounts of mitochondrial samples (25.0 g/sample) were digested with trypsin using standard methodologies, and the resulting peptides were analyzed by LC-MS/MS on an LTQ-OrbitrapXL mass spectrometer as previously described [32] using 40 cm analytical columns. Extracts from each mouse (n = 3/group) were analyzed at four technical replicates. The resulting data were used for Mascot searching (4 of 10) 1600576 against mouse sequences in the UniProt protein sequence database (>46 000 sequences). Search results were validated using the Peptide Prophet and Protein Prophet algorithms in Scaffold (Proteome Software, Inc., Portland, OR), using a cut-off threshold of <1% protein and peptide false discoveries. The resulting proteins were quantitated by spectrum counting. Proteins that were differentially expressed at a significant level were selected with the p-value smaller than 0.05 using a two-tailed Student's t-test. The DAVID 6.7 Bioinformatics tool (http://david.abcc. ncifcrf.gov/) was used for gene functional categorization. The proteins from mitochondrial proteomic data showing significant changes in expression were loaded into DAVID and analyzed to determine protein functional annotation to identify GO (gene ontology) categories of protein functions that were enriched in the set of differentially expressed proteins based on these selected proteins [33] . The selected protein functional analysis was also conducted by ingenuity pathway analysis that provided canonical pathways, upstream regulator analysis, top toxicity (Tox) analysis, and downstream effects analysis based on these selected proteins [34, 35] .
Mitochondrial aconitase activity assay
Hepatic mitochondrial samples from the preparation above using a Qproteome mitochondrial isolation kit (Qiagen) were also subjected to the mitochondrial aconitase activity assay according to the manufacturer's instruction (Biovision, Inc., catalog # K716-100, http://www.biovision.com/ aconitase-activity-colorimetric-assay-kit-2947.html, Milpitas, CA, USA). The activity was expressed as milliUnit per milligram protein.
Immunoblot analysis
Proteins were extracted from liver tissues and/or isolated mitochondria with the lysis buffer containing 20 mmol/L Tris-HCl (pH 7.5), 0.5 mmol/L EDTA, 0.5 mmol/L EGTA, 0.5% v/v Triton X-100, and 0.1% v/v protease and phosphatase inhibitor cocktails, respectively (Sigma-Aldrich). Immunoblot analysis was conducted as previously described [24, 25] . Total pixel intensity of each protein band was normalized to a loading control for graphing and statistical analysis. Antibodies against fatty acid synthase (catalog # 10624-2-Ap), ATP synthase ␣ subunit 1 (catalog # 14676-1-AP), citrate synthase (catalog # 16131-1-AP), hydroxyacylcoenzyme A dehydrogenase (catalog # 19828-1-AP), succinate dehydrogenase ␣ (catalog #, 14865-1-AP), and nicotinamide nucleotide transhydrogenase (NNT) (catalog # 13442-2-AP) were purchased from ProteinTech Group (Chicago, IL, USA); Antibodies against lysosome-associated membrane protein 1 (catalog # sc-20011), catalase (catalog # sc-50508), NNT (catalog # sc-163154), glutathione reductase (GSR) (catalog # sc-133245) were purchased from Santa Cruz Biotech (Dallas, TX, USA); peroxisome proliferatoractivated receptor ␣ (PPAR␣) antibody (catalog # 101710) was purchased from Cayman (Ann Arbor, MI, USA); Antibodies against ␤-actin (catalog # 4967), phosphor-Thr172-AMPactivated protein kinase ␣ (pT172-AMPK␣) (catalog # 2535), and AMPK␣ (catalog # 2603) were purchased from Cell Signaling Technology (Danvers, MA, USA); voltage-dependent anion-selective channel protein 1 antibody (catalog # PA1780) was purchased from Boster Biosciences (Pleasanton, CA, USA).
Statistical analysis
The results from the mitochondrial respiration assay were analyzed by the XFe wave software (Seahorse Bioscience, Inc., MA), and displayed as OCR (pmol/g protein/min). Experimental results were analyzed by Student's t-test. Data were presented as mean ± SD, n = 6, unless otherwise stated in the text. Significance was set at p < 0.05. p Values were corrected for multiple testing. 
Results
Overall nutrient metabolism is changed in BCO2
KO mice ␤-Carotene 15, 15 -oxygenase 1 protein level was not altered in BCO2 KO compared to WT mice (data not shown). The daily food intake was measured from postnatal week 3 to week 6, and the result showed that BCO2 KO mice consumed more CD (by 15-18 %) compared to the WT, for instance, the daily food intake between 5 and 6 wk of age was significantly higher in BCO2 KO (2.6 ± 0.1 g/mouse/day) than WT mice (2.2 ± 0.1 g/mouse/day) (n = 12 mice/group, p < 0.001). Interestingly, despite a significantly higher food intake, the body weight of BCO2 KO mice at 6 wk of age (18.6 ± 1.5 g) was significantly lower (by approximately 12 %), compared to age-matched WT mice (21.2 ± 1.0 g) (p < 0.01, n = 12 mice/group).The higher fasting blood glucose (70.2 ± 13.15 mg/dL in WT versus 111.67 ± 10.50 mg/dL in KO, p<0.001, n = 12 mice/group) and FFA levels (0.70 ± 0.11 mEq/L in WT versus 0.95 ± 0.06 mEq/L in KO, p<0.01, n = 6 mice/group) were observed in male BCO2 KO mice at 6 wk of age, compared to the age and gender matched WT. Further, PPAR␣ and AMPK, two key proteins in the energy metabolism pathway [36, 37] were analyzed by immunoblotting. The protein level of hepatic PPAR␣ was significantly decreased in the BCO2 KO compared to the WT mice ( Fig. 1  A and B) . Additionally, the activation of AMPK, as indicated by phosphorylation of Thr172 in the AMPK␣ catalytic domain was significantly lower in the liver of BCO2 KO compared to WT mice ( Fig. 1 A and C) . Moreover, the elevated expression of fatty acid synthase protein ( Fig. 1 A and D) was found in liver of BCO2 KO mice, compared to WT.
Mitochondrial proton leak, basal respiration rate, and capacity of complex II are altered in BCO2 KO mice
Mitochondrial function was measured via mitochondrial coupling and electron flow assays. These analyses revealed significant increases in the basal respiration rate, proton leak ( Fig. 2A) , and complex II capacity (Fig. 2B ) in BCO2 KO compared to WT mice.
The mitochondrial proteome is changed in BCO2 KO mice
In order to determine potential mechanisms by which mitochondrial functional changes were associated with mitochondrial protein expression in BCO2 KO mice, a comparison of the WT and BCO2 KO hepatic mitochondrial proteomes was performed (n = 3 mice/group with four technical replicates/mouse). Thirty-four mitochondrial proteins were identified to have significant changes with 13 proteins being upregulated and 21 proteins being downregulated in the hepatic mitochondrial fractions of BCO2 KO compared to WT mice (p < 0.05) ( Table 1) . Bioinformatic analysis using DAVID functional annotation tools revealed that fatty acid oxidation, amino acid metabolism, the tricarboxylic acid (TCA) cycle, and the ETC/oxidative phosphorylation (OXPHOS) were affected most in BCO2 KO mice, which are all related to energy metabolism. The detailed results were summarized in Table 1 . The raw MS/MS data were uploaded as the online Supporting Information Table 2 . Differences revealed by proteomic analysis were confirmed by immunoblot analysis for the mitochondrial proteins, hydroxyacyl-coenzyme A dehydrogenase, voltage-dependent anion-selective channel protein 1 (Supporting Information Fig. 2A and B) , and NNT (Fig. 3C) . The mitochondrial proteome data were also subjected to the ingenuity pathway analysis Top Tox analysis indicating that mitochondrial function and OXPHOS were mostly affected in BCO2 KO liver (proteomic raw data enclosed as the online Supporting Information Tables 2 and 3 ). In ETC/OXPHOS, the expression of proteins of mitochondrial complex I, complex II, complex IV, and complex V was diminished in BCO2 KO mice compared to WT mice, whereas cytochrome c was increased in the BCO2 KO compared to the WT mice (Supporting Information  Fig. 3A) . Values are means, n = 3 mice/group with four technical replicates/mouse.
Elevated cellular oxidative stress in the liver of BCO2 KO mice
The results in Fig. 3A showed a significant elevation of the ROS level in hepatic homogenates from the BCO2 KO (0.63 ± 0.08 OD 485/530 [relative fluorescent unit]), as compared to the WT (0.45 ± 0.03 OD 485/530 [relative fluorescent unit]) (n = 6 mice/group, p < 0.05). In parallel, the mitochondrial proteomic data also showed elevation of oxidative stress in the liver of KO mice. For instance, the antioxidant enzymes, manganese superoxide dismutase (SOD2) ( Table 1) , and glutathione reductase (GSR) 
BCO2 Knockout
Mitochondrial Stress
Mitochondrial energy inefficiency
Mitochondrial Hyperactivation
Altered mitochondrial proteome Figure 4 . Schematic diagram showing the potential mechanism of BCO2 in mitochondrial function and oxidative stress. The loss of BCO2 was associated with changes of the hepatic mitochondrial proteome and function shown as a decrease in the ETC efficiency and increases in proton leak, basal respiration activity, and complex II capacity-all of which could contribute to mitochondrial hyperactivation and subsequent mitochondrial and cellular oxidative stress, which in turn led to mitochondrial energy insufficiency and disruption of nutrient metabolism in BCO2 KO compared to WT mice.
( Fig. 3B) were both repressed. In contrast, the levels of peroxiredoxin 3 and peroxiredoxin 5 [38, 39] (Supporting Information Fig. 3B ), and NNT (Table 1 and Fig. 3C ) were increased significantly in BCO2 KO compared to WT mice. Furthermore, the mitochondrial protein carbonylation levels were much higher in BCO2 KO than those in WT mice (Fig. 3D) . Mitochondrial aconitase is an iron-sulfur protein containing a [4Fe-4S] 2+ cluster in its active site that catalyzes the stereospecific dehydration-rehydration in the TCA cycle. It has been considered as a measure of oxidative damage [40] . The result revealed that the mitochondrial aconitase activity was also declined in BCO2 KO mice (Fig. 3E) . Collectively, the results indicated hepatic mitochondrial dysfunction and cellular oxidative stress in BCO2 KO mice.
Discussion
Mitochondrial dysfunction has been considered one of the major causal factors in the development of chronic diseases such as obesity, type 2 diabetes, and other metabolic disorders [40, 41] . BCO2 resides in the inner mitochondrial membrane. In this study, the impact of BCO2 on mitochondrial function was investigated using WT and BCO2 KO mice. Importantly, there was no changes in either ␤-carotene 15, 15 -oxygenase 1 protein level, hepatic retinol and retinal contents (data not shown), or accumulation of carotenoids (including ␤-carotene, ␣-carotene, ␤-cryptoxanthin, lutein, zeaxanthin, and lycopene) observed in the liver of BCO2 KO mice fed a standard CD (data not shown), suggesting that the loss of BCO2 did not affect hepatic vitamin A and carotenoid metabolism at 6 wk of age, if there was any trace carotenoids in the diet. Whether this observation indicates the presence of a compensatory pathway or that it takes longer than 6 wk to accumulate carotenoids remains unclear. Despite no apparent changes in carotenoid metabolism, the loss of BCO2 triggered alterations in various metabolic pathways including, but not limited to fatty acid oxidation, TCA cycle, and ETC/OXPHOS. Alterations in these pathways likely contributed to increased oxidative stress and elevation of fasting blood glucose and (8 of 10) 1600576 FFA levels that were observed in BCO2 KO mice and indicated an unknown role of BCO2 that was independent of its enzymatic carotenoid cleavage function.
Food intake is dynamic and regulated largely by wholebody energy metabolism and circadian rhyme. In this present study, the loss of BCO2 was hypothesized to result in mitochondrial dysfunction and contribute to the disturbance of energy metabolism in mice. Based on the proteomics analysis, the expression of ETC/OXPHOS complex I, complex II, and complex IV proteins was reduced in the livers of BCO2 KO mice, though the expression of cytochrome c was increased in the BCO2 KO, compared to WT mice. These observations may suggest that a change of mitochondrial proteome occurred in BCO2 KO mice [42] [43] [44] [45] [46] [47] [48] [49] . Decreased protein expression of the mitochondrial proteome has been linked to hyperactivation of hepatic mitochondria in diabetes and obesity [13, 46] . The low aconitase activity occurs in obese mice with higher mitochondrial respiration activities [44] . Ischemic hearts have a lower mitochondrial complex OCR activity though the mitochondrial complex I protein contents are higher [42] . Mitochondria are far more complex in form and function than anticipated and are controlled by multiple factors such as circadian, nutrient availability (e.g., fasting and fed), and protein expressions [47, 49] . Despite this potential compensatory mechanism of mitochondrial changes in BCO2 KO animals, the increased proton leak from the mitochondrial inner membrane space into the matrix observed in this study indicated the possibility that energy efficiency was impaired in BCO2 KO mice [50, 51] .
Hyperactivation of mitochondrial respiration links to oxidative stress and metabolic disorders. Deficiency of BCO2 caused changes of the mitochondrial proteome and hyperactivation of the mitochondrial function in BCO2 KO mice. The results further demonstrated that hepatic cells experienced mitochondrial and cellular oxidative stress as shown in Fig.  3 . Increased respiratory capacity of complex II leads to overproduction of ROS [52] , which could also be supported by the result on the mitochondrial protein carbonylation (Fig. 3D) . Oxidative stress leads to modification of native amino acid residues in proteins to carbonyl derivatives known as protein carbonylation [31] . Indeed, the elevation of ROS production could further impair mitochondrial function [53] .
Elevated ROS can be eliminated by a variety of enzymes and/or antioxidants, such as superoxide dismutase, catalase, glutathione peroxidase, and glutathione (GSH). GSR catalyzes the reduction of GSSG to regenerate the sulfhydryl for GSH. NNT is a key mitochondrial antioxidant enzyme, utilizing the mitochondrial proton gradient to generate NADPH from NADH and NADP + [54, 55] . In this study, enhanced expression of NNT protein (two bands in BCO2 KO mice shown by immunoblotting) might suggest that BCO2 depletion might cause the altered expression of NNT variants under oxidative stress [56] . It is clear that a mild increase in mitochondrial ROS production induces activation of long-lasting cytoprotective pathways for instance activation of antioxidant enzymes [57] , while prolonged and/or severe oxidative stress results in suppression of a large variety of gene expression, including antioxidant enzymes, such as mitochondrial SOD2 [57, 58] . Genetic depletion of BCO2 triggered mitochondrial and subsequent cellular oxidative stress which might account for decreased expression of SOD2, GSR, and other antioxidants. The reduction of glutathione peroxidase level would in turn conserve GSH in favor of forming GSSG. The further study is warranted to confirm the hypothesis above. Elevation of blood glucose and FFAs could also be considered as additional markers of disruption of nutrient metabolism and oxidative stress in BCO2 KO mice.
In conclusion, the results presented herein indicated that the loss of BCO2 was associated with changes of the hepatic mitochondrial proteome and the function shown as a decrease in the ETC efficiency and increase in proton leak, basal respiration activity, and complex II capacity-all of which could contribute to mitochondrial hyperactivation and subsequently mitochondrial and cellular oxidative stress. That in turn led to mitochondrial energy insufficiency and disruption of nutrient metabolism in BCO2 KO, compared to WT mice (Fig. 4) . The findings suggested that BCO2 may play a structural role in the inner membrane of mitochondria through regulation of the ETC complexes activity, and/or metabolize unknown substrates that subsequently altered mitochondrial function. Further studies are warranted to determine if BCO2 represents a potential therapeutic target to reduce the risk of or impact chronic oxidative stress associated with diseases such as diabetes, obesity, and cardiovascular disease. 
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